THE composition of the coexisting phases in the methane-ethane-n-pentane syitem was determined at loo°F. This was accomplished by withdrawing samples of the coexisting phases under isobaric-isothermal conditions. The relative amount of each of the components present in the liquid and gas phases was determined by conventional analytical fractionation methods. The phase behavior of this system approximates that estimated from generalized correlations which take into account the influence of the nature and amount of each of the components present upon the equilibrium. It was found that for particular pressures and temperatures the equilibrium constant of each of the components was influenced significantly by the composition of the system and this effect was more pronounced a t the lower pressures for methane than for the components of greater molecular weight. However, at the higher pressures approaching the maximum two-phase pressure for the system at this temperatu~e the composition markedly influences the equilibrium constants of all the components at a particular pressure and temperature. The results of this study are presented in graphical and tabular form.
The phase behavior of many of the binary systems containing paraffin hydrocarbon components from methane through n-pentane has .been investigated during recent years. I n addition the compositions of the coexisting phases in mixtures of crude oil and natural gas have been studied.' However, these results do not establish the influence of the nature and amount of the other substances making up a multicomponent system upon the gas-liquid equilibrium constant of any one component. A preliminary correlation on the basis of values for binary systems was made2 utilizing such experimental information as was available. However, there is need for much additional information regarding behavior in systems containing more than two components.
Study of the phase behavior of ternary systems offers a feasible attack upon the determination of the influence of composition as well as of pressure and temperature upon the several equilibrium constants concerned. An investigation of the phase behavior of the methanepropane-n-pentane system a t loo0, 160°, and 220°F was reported.3~4 This work served to illustrate the marked influence of concentration of the other components upon the equilibrium constants. Variations of as much as 50 pct in the equilibrium constants for methane for fixed temperature and pressure were observed in regions remote from the critical state. Likewise there was a marked variation in the equilibrium constants of propane and n-pentane as a result of changes in the composition. These results indicated the desirability of investigating additional ternary systems. The present paper deals with a study of the methane-ethane-n-penManuscript received at the office of the Institute Feb. 10, 1947. tane system a t loo°F, which is similar in California Institute of Technology. Pasa-many respects to the work upon the rnethdena. California.
1 References are at the end of the paper. ane-propane-n-pentane system cited above.
The compositions of the phases coexisting under isobaric-isothermal conditions were established by withdrawing samples of the gas and liquid phases which had been brought to thermodynamic equilibrium by prolonged mechanical agitation. The sample was confined in a steel vessel over mercury, the pressure being controlled by the addition or withdrawal of the latter fluid. After equilibrium had been reached, isobaric-isothermal conditions were maintained during the withdrawal of the samples by controlled addition of mercury to the equilibrium vessel. In general the withdrawals were accomplished with deviations from isobaric conditions of less than 3 psi. Mechanical agitation was discontinued during the withdrawal process and it is believed that the divergences from the original equilibrium state as a result of slight changes of pressure did not cause significant error in the experimental results.
The temperature of the equilibrium cell was kept at desired values by immersing it in an agitated oil bath, thermostatically controlled by use of suitable electronic circuits to give variations of less than o.3OF with respect both to time and location within the bath. Temperatures were related to the International Platinum Scale by a mercury-in-glass thermometer which had been compared with the temperature indications of a standardized, strain-free platinum resistance thermometer. It is believed that the temperature of the equilibrium mixture was known within 0.2OF.
The pressure during the approach to equilibrium and during the withdrawal of the samples was measured by means of a commercial type of piston-and-cylinder pressure balance with an estimated uncertainty of 2 psi or less. This instrument was calibrated against a precisiori pressure balances which in turn had been calibrated against the known vapor pressure of carbon dioxide. The equipment was essentially the same as that used in earlier studies. 3-4.8 The fractionating columns employed in the determination of the composition of gas and liquid phase samples had internal diameters of 0.12 and 0.18 in. and lengths of 4 and 5 ft; respectively. The analyses were carried out in conventional fashion except that in the transition region between one component and another the distillation was repeated in order to check the completeness of separation of the component being withdrawn. Comparison of duplicate samples indicates that the overall analytical uncertainty in the rnol fraction of a component was approximately 0.002, while a precision of 0.001 was usually easily obtainable.
At low pressures it is possible that very small amounts of liquid phase on the walls of the equilibrium chamber near the sample outlet were carried out when a sample of the gas phase was withdrawn. At higher pressures this difficulty was less probable. After considering these somewhat intangible quantities in addition to the uncertainties in pressure, temperature, and composition it appears that, when a component was present only in small quantity, the uncertainty in mol fraction is probably less than 0.005.
MATERIALS
The methane used in this investigation was obtained from the Buttonwillow field in California. As received, the sample was saturated with water and contained approximately 0.003 mol fraction carbon dioxide and 0.0004 mol fraction heavier hydrocarbon. Combustion analyses have indicated that nitrogen and other noncombustible materials are present in this gas ia negligible amounts. Before use, the methane was dried and purified by passing it at a pressure of 300 psi or more through layers of calcium chloride, potassium hydroxide, activated charcoal, and ascarite. The partially purified methane was then passed through a copper coil immersed in a mixture of acetone and solid carbon dioxide.
The ethane was 1)rocured from the Carbide and Carbon Chemicals Corporation and when receivcd it contained sutlstantial amounts both of more and less volatile components. 'This crude ethane \\,as purified by repeated lo^ temperature fractionation in which the first and last tenths of the overhead product were discartled. :lnalytical measurements upon the purified material indicated that it did not contain more than 0.002 mol fraction of material other than ethane.
The n-pentane was ohtained from the I'hillips I'ctroleum Company whose special analysis ul)on a similar sample indicated the material to contain a~)proximately 0.00 j mol fraction isopentane anti less than 0.001 mol fraction of other hytirocart)on impurities. ('are was exrrcised t o avoid contamination of the sample with air and a further precaution was taken by s u b mitting the n-pentane t o prolonged boiling after addition t o the equilit)rium apparatus. .kidition of the material to the equilibrium chamber was accomplished in substantially the same way a s was described for the methane-propane-n-pntane s y~t e m .~. * >~ T h e equilibrium states were at pressures of 500, 1000, 1500, anti 2000 psi.^ The compositions of the coexisting phastas are reported in terms of mol fraction in Table I . :it two states the system was homogeneous and so the compositions of the two samples taken from the upper and lower part of the equilibrium e q u i p ment arc the same within the uncertainty of measurement.
The compositions of the coexisting phases for each of the experimentally studied pressures are shown in Figs As an aid in visualizing the interrelation of pressure and composition with the phase behavior of the system an equilateral projection of a ~~ressure-com~~osition figure of the methane-ethane-n-pentane system a t roo°F is presented in Fig j. \'slues for the vapor pressure of pentane were taken from published ~i a t a ,~,~ as was the information for t h r methane-n-prntane s~s t e m .~ These mrasurements \Yere carried out primarily 1)y the determination of the volumetric behavior of individual mixtures of methane and n-pentane. \-alues for the ethane-n-pentane system were not
The behavior of the system at 500 psi available and those given were determined is shown by the boundary curve BMOKE by extrapolating the equilibrium constants and it is apparent that two phases are determined for the ternary system to obtainable within limited ranges of com-
compositions corresponding to varying position in both the methane-pentane mixtures of ethane and n-pentane. The and the ethane-pentane systems, but only data are not believed to be more than a single gaseous phase exists a t I O O O F qualitatively indicative of the behavior for the methane-ethane system at any of the ethane-n-pentane system. pressure. Combining lines for several values of the parameter C are shown in
The locus of critical states from N to T this diagram, corresponding to the behavior has been indicated in the figure and the shown in Fig I. Similarly, the behavior maximum critical pressure for this system of this system a t 1500 psi is shown by the a t roo°F appears to occur in the binary boundary CHID for which combining methane-n-pentane system. In other words, lines are shown for several values of the there is no maximum in the critical pressure parameter C. Corresponding curves are locus for ternary mixtures lying between shown for 1000 and 2 0 0 0 psi. the critical state of the methane-n-pentane system and that of the ethane-n-pentane be considered to be a function of pressure, system. temperature, and the composition of the By way of illustration, the locus of system. From the data recorded in Table I coexisting phases corresponding to a value the equilibrium constants were computed PRESSURE LB. PER SQ. IN.
FIG 6-EQUILIBRICY COXSTANTS FOR METHANE I S VETHASE-ETHAXE-S-PESTASE SYSTEM AT 100°F
of the parameter C of 0 . 2 has been indi-and, after graphical smoothing with cated. This curve FGHIJKZ is generated respect to the parameter C, the results by the intersection of combining lines with were plotted in relation to the equilibrium the corresponding bubble-point and dew-pressure as shown in Figs 6, 7, and 8 point surfaces of Fig 5. for methane, ethane, and n-pentane, respectively.
GAS-LIQUID EQUILIBRIUM CONSTAXTS
In the case of Fig 6 the product of presThe ratio of the mol fraction of a component in the gas phase to its mol fraction in the coexisting liquid phase has been called an equilibrium constant. Such ratios are actually a function of the state of a heterogeneous system and vary with the pressure, temperature, and the nature and amount of each of the components present. Under certain conditions a number of the hydrocarbons form substantially ideal solutions and under these conditions the equilibrium constant is primarily a function of pressure and temperature. However, in the present system the deviation from such simplification is large and the equilibrium constant must sure and the equilibrium constant has been shown as the dependent variable in order to increase the graphical precision with which the data may be presented. In each of these figures, curves end a t low pressure a t values for the ethane-n-pentane system, and a t higher pressure a t the critical states for the ternary system. I t is often of interest to establish the limiting value of the equilibrium constant of one of the more volatile components as its concentration approaches zero. For example, if it is desired to determine the limiting value of the equilibrium constant of methane in the methane-ethane-npentane system as the pressure is decreased to the two-phase pressure of the ethane-n-ment with values obtained by extrapolation pentane system this may be accomplished of the data to the two-phase pressure of the as will be described.
ethane-n-pentane system. The equilibrium constant for methane is related to the equilibrium constants of the other components and the composition of the system in the following way in which Y1, Y2, Yb represent the mol fractions of methane, ethane and n-pentane, respectively, the gas phase and X I , X2, X 5 represent the mol fractions of the same components in the liquid phase. The limiting value of this expression as the mol fraction of methane approaches zero in both the gas and liquid phases may be obtained by differentiating the numerator and denominator and rearranging. I t follows a t the limit that
I -C K I = C [~2 + K6 (T)]
Eq 3 has been applied to the data presented in Fig 6 and indicates good agreeEquilibrium constants for the components of the methane-ethane-n-pentane system a t even values of the parameter C have been recorded in Table 2 . In addition the corresponding mol fractions of the components in the coexisting liquid and gas phases have been indicated. These data were obtained from the interpolated values of the equilibrium constant by methods that are outlined e l s e~h e r e .~ The values recorded agree well with those obtained directly from Figs I , 2 , and 3.
As was indicated above, the analytical techniques were not such as to permit the distribution of n-pentane to be determined with satisfactory accuracy when it was present only in small amounts. For this reason uncertainty exists in regard to the limiting behavior of n-pentane as C approaches unity. As a result of this uncertainty, values for the equilibrium constant for n-pentane corresponding to a value of C of unity have not been shown in The marked influence of the naturc and amount of the components present upon values of the rquilit~rium constant of all the components a t pressures in excess of 750 psi is demonstrated in Figs 6, 7, and 8. I n the case of methane this influence persists throughout the two-phase region of the methane-ethane-n-pentanr system. IIowever, for ethane and n-pentane the equilibrium constants t)ecome more nearly functions only of pressure and temperature a t pressures 1)elow jm psi. I t appears t h a t ideal solution behavior is closely approximated for pressures below 2 jo psi in so far a s thesc coml~onents are concerned. I1otvevc.r. no experimental measurements \\ere made 1)elow joo psi and this statement is based cntirely upon graphical correlation of the tlata.
T h e influence of the concentration of other components upon the equili1)rium constant for n-pentane is most pronounced emphasize the fact t h a t the so-called "equilibrium constant" is a function of t h e state of the system rather than a function only of pressure and temperature for systems in which the components differ markedly from one another in regard t o pertinent physical properties.
Hecause of the inherent complexity of the state of a heterogeneous multicomponent mixture, some difficulties are t o be expected in obtaining general correlations of equilit~rium constants for the lighter hydrocarbons in such systems. Since the chemical potential of a component in a phase is a function of the state only of t h a t phase, rather than t h a t of the system a s a whole, its use offers somewhat better promise for purposes of generalization. IIoivever, insufiicient information is a s yet available t o permit serious a t t e m p t t o obtain accurate correlations. a t relatively high ratios of ethane t o ~ICPXOWLE:DGUEST n-pcntane. This is shown by thc small influence of changes in c upon the cquilibThis investigation was carried out under ;ium constant for n-prntane in ~i~ 8 a t a f'llowshi~ 'u1)ported b y the Standard low values of this lIarameter the Oil of California. T h e cooperamarkedly influence of high values. tion a n d financial assistance of this organiThis behavior is similar to t h a t found for "ation is ackno\vledged.
n-pentane in t h r mcth~ne-11ro11ane-n-pen tane s y~t~m .~.~ This study indicates that a t roo°F the critical pressures of all ternary mixtures of methane, ethane and n-pentane are lower than the critical pressure of the mrthane-n-pentanc systcbm a t this temperature. This behavior is similar t o t h a t which has t~ecn found for other ternary mixtures of hytlrocart~ons so far investigated. The gas-liquid cquilibrium constant of each component is markedly influenceti b y the nature and amount of othcr components present. T h r influence persists to pressures well below joo psi, particularly in the case of the lighter components. This work serves further t o workers, is again an excellent contribution to the general information on phase behavior of ternary systems. The equilibrium constants of these simplified systems have been alq~lied successfully to calculations on crude oils. provided the gravity is not too lo\\.. I t is only to t)e regretted that ~~ractically no data are available for ~~r c s s u r e s over 3000 psi, es[~ecially since with the increased drilling tiellths reservoir pressures over 8000 psi and temperatures of z-/j°F or more are quite common. In our computations we have found that the use of extrapolated equilibrium constants for the calculation of phase t~ehavior nf reservoir Auids leads t o results which differ considerably from experimental nbservations.
J. E. S H E R B~R S E *
I ) r . I,acey and his coworkers have presented another significant cnntribution to add to the long list of excellent researches they have performed for the Petroleum Inrlustry. The data presented further sul~l~lcment the somewhat disconcerting kno\\ledge that the kinti anti amount of other components in a system have an important bearing on the equilit~rium constant.
It is interesting t o observe, however, that I)r. 1,acey offers us the ~~ossibility of another means of correlating complex hydrocarbon behavior in the use of the chemical potential. 1)r. 1,acey observes t h a t insufi~cient data are available concrrning the chemical potential to pcrmit its use in cclrrelation at present. I t would be of interest to know 1)r. 1,acey's opinion a s to, first, whether more information relative to the chemical potential could tjc made available by further analysis of the existing experimental data, or if further experimental work will be required; and second, if further experimental work is required. woul11 it be a relatively small amount su1)l)lementary t o that already ~)erformed, or would extensive exl)erimental research be required? In short, is there a chance that a correlation based on chemical potentials will t)e available t o the industry reasonably soon? Tempelaar Lietz in regard to the difliculty of extrapolating equilibrium constants available to the higher l~ressures encountered in underground reservoirs. .It the present time work is in 11rogress a t this laboratory upon another ternary system involving one componrnt of a somewhat higher molecular weight thus yielding c o r r e~~~o n d i n g l y higher two-phase pressures. One of the primary limitations to the extension of such studies to the higher pressures lies in the difliculty of obtaining pure materials of sufficiently high molecular weight to obtain two-phase pressures in excess of 10,ooo psi. If an impure constituent is employed a s the component of high molecular weight significant differences in the distribution of the heavier components making up this constituent are obtained in the liquid and the gas phases.
I t is believed that if suitable methods of analysis are available for the materials of higher molecular weight investigations can be carried to the ranges of pressure and temperature of interest in petroleum production. Iionever, the dificulty in obtaining adequate supplies of pure compounds of high molecular weight has made such data relatively scarce. \\'hen volumetric data for systems involving components of high molecular weight are available it will be possible to evaluate the constants of the Benedict equation of state for these components. By the application of this equation the corresponding phase behavior may be estimated with an accuracy equivalent to that with which this equation of state predicts the phase behavior of mixtures of the lighter hydrocarbons.
In regard to the discussion by Mr. Sherborne, it is believed that a significant contribution toward the application of chemical potentials to the prediction of the composition of coexisting phases of hydrocarbon systems has been made by Manson Benedict.lo In another d i s c u~s i o n~~ of this paper by Manson Benedict it is indicated that his equation of state which is already available will predict the equilibrium constants for the components of the methaneethane-n-pentane system with uncertainties varying from 4 to 10 pct over the entire range of composition. It is believed that the accuracy with which chemical potentials may be derived from this equation of state or by application of other methods will be improved gradually as additional data are accumulated. The possibility of the gradual improvement of accuracy without the need of a complete revision of the method of correlation is one of the strongest arguments in favor of the use of chemical potentials in this connection. This advantage also applies to the pediction of volumetric and thermodynamic data from the partial values of the corresponding properties. R. J. SCHILTHCIS*-T~~ current paper by Billman, Sage, and Lacey represents another addition to the knowledge of complex hydrocarbon phase behavior. Over the years, 1)r. Lacey and his various associates have been outstanding contributors to this field of basic knowledge which has proved to be of great value to the petroleum branch of the mineral industries. The work presented in the current paper needs no technical comment. However, having learned of the fact that Dr. Lacey is to receive the Lucas Award of this year, I would like to take this opportunity to express my sincere feeling that the award is highly merited on the basis of his outstanding services to industry in the fields of scientific research and education.
S. E. BCCKLEY*-It is always a real pleasure to read or hear a paper prepared by Dr. Lacey and his associates, not solely because each paper has technical merit and is clearly and concisely prepared in well-chosen words, but because each paper is another mile post representing substantial, practical progress. Iluring the years that I)r. 1,acey and his many coworkers have labored with hydrocarbon systems, they have progressed steadily and continuously through the lowlands of individual hydrocarbons, the rising plateau of binary mixtures, and now into the higher altitudes of ternary systems. The highest peaks of multicomponent mixtures are clearly in sight ahead.
One who reads or listens to one of these straightforward and lucid explanations of the manner in which hydrocarbons behave is apt to get the impression that hydrocarbon mixtures are really very simple things to deal with. One whose primary technical pursuits in the petroleum industry do not involve detailed calculation of the behavior of individual hydrocarbons or their mixtures may overlook the fact that the entire petroleum industry is a hydrocarbon industry, founded on and consisting in the exploitation, production, processing, transportation, and marketing of hydrocarbons, that millions of dollars are invested on the basis of processes and designs directly dependent on an exact quantitative knowledge of what hydrocarbons will do in a known environment.
If, in retrospect, the job looks simple, no greater tribute could be paid to the foresight, the careful planning and execution which 1)r. Lacey and his co-workers have demonstrated in giving t o the petroleum industry the wealth of information which year after year has come from their papers. 
